A novel strategy for the rapid and selective extraction of ribosylated metabolites by dopamine assisted functionalization of boronic acid on magnetic (Fe 3 O 4 @PDA-FPBA) nanoparticles has been demonstrated under optimized conditions. The study is designed to overcome the drawbacks of dendrimer assisted functionalization of low molecular weight cis-diol compounds, in combination with the advantages of boronic acid affinity towards nucleosides. Magnetic particles provide rapid extraction processing, polydopamine contributes in achieving better functionalization of boronic acid on magnetic particles because of the presence of multiple active sites at terminal groups and boronic acid selectively captures cis-diol compounds via reversible covalent bonding. Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) confirm the particle size (80-120 nm). Energy dispersive X-ray 
Introduction
Metabolites, the reactants, intermediates or products of bodily metabolic processes, have been reported as potential biomarkers for several types of disease including cancers. Metabolites are mainly classied on the basis of their functional groups and modications. Nucleosides, a class of metabolites originating from RNA, belong to the family of cis-diol compounds.
1 This family also includes glycoproteins, catechol, saccharides and a few other drugs. During inammation or malignant conditions, the rate of RNA turn over increases, which results in a higher level of nucleosides released into the body uids including urine and blood. The abnormal levels of such metabolites during disease is associated with higher methyl transferase activity and RNA turnover activity.
2 Nucleosides are also reported as the biomarkers of cancers including lung cancer, 3 colorectal cancer, 4,5 thyroid cancer, 6 bladder cancer, 7 cervical cancer 8 and breast cancer. 9 Nucleosides are abundantly found in urine under disease conditions as they are directly excreted out however in the healthy state they are decomposed into other forms. 10 Several approaches have been developed for the analysis of nucleosides which include immunoassay, 11, 12 capillary electrophoresis, 13 high performance liquid chromatography and mass spectrometry.
14 Highly selective sample preparation methods are necessary in minimizing the background interference prior to the analysis and for accurate quantication of nucleosides.
Over the past few years, the focus is placed on the targeted metabolite analysis because of the emergence of modern mass spectrometry tools and selective enrichment methodologies. [15] [16] [17] [18] [19] Affinity chromatography in combination with the modern mass spectrometric techniques is used in the targeted proling of metabolites to nd the disease biomarkers. 20 Affinity materials like the boronic acid functionalized have been reported for the extraction of ribonucleosides through the reversible covalent bond formation of boronic acid with cis-diol moieties. [21] [22] [23] Metal oxides like ZrO 2 , TiO 2 , CeO 2 and their composites have also been explored with varying success. [24] [25] [26] [27] [28] Hybrid materials, monoliths and MOFs have also been used for the cis-diol capture. [29] [30] [31] These materials lack specicity to be applied at the clinical level.
Magnetic solid phase extraction (MSPE) has low cast, high efficiency, rapid extraction and numerous functionalization options. 32 Magnetic sorbents have been reported in MSPE for the extraction of biological compounds like proteins, peptides and metabolites. [33] [34] [35] The surface functionalization of magnetic support material helps in the targeted analysis of biological samples. 36 Previously, magnetic material with PEI dendrimer coating has been reported for the nucleoside extraction. 37 The dendrimers with branched and multiple chain structures have advantages in the glycopeptides enrichment, however drawbacks exist in nucleoside extractions. The rigid structure unfavorable for quick equilibration and extraction and synergic effect of branched structures only suits to the analytes with more than one cis-diol moiety.
38
In this study, polydopamine assisted functionalization of boronic acid on magnetic nanoparticles (Fe 3 O 4 @PDA-FPBA) is made for the fast and selective extraction of ribosylated metabolites. Magnetic material offers rapid extraction, polydopamine provides biocompatibility and efficient coating, and reversible covalent interaction of boronic acid towards cis-diol compounds results in the selective extraction of nucleosides. Extraction parameters are optimized with standard nucleosides and the material shows high selectivity, adsorption capacity and recovery. Finally the material is applied for the proling of endogenous nucleosides from urine samples of healthy and lung cancer patients.
Experimental details

Chemicals and reagents
Ferric chloride, ferrous chloride, ammonium formate (NH 4 HCO 3 ), ethylene glycol, polyethylene glycol, sodium acetate, sodium cyanoborohydride, 4-formylphenyl boronic acid, creatinine, adenosine (rA), cytidine (rC), uridine (rU), guanosine (rG), 1-methyladenosine (m1A), 5-methyluridine (5mU), 2 0 -deoxy-
and Thymine (T) were obtained from Sigma-Aldrich (St. Louis, MO, USA). Chromatographic grade ammonia and methanol were purchased from TEDIA Co. Inc. (Ohio, USA). Milli-Q water was obtained from Millipore, Bedford, MA.
Synthesis of Fe 3 O 4 @PDA-FPBA
Iron oxide nanoparticles were prepared according to the reported procedure with slight modications. 39 Briey 3.24 g of ferric chloride and 1.2 g of ferrous chloride were dissolved in 200 mL of ethylene glycol and stirred for 30 min. Ten grams of sodium acetate and 4 g of polyethylene glycol were added to the mixture and stirred for 30 min. Twenty millilitres of ammonia solution was added to the mixture and heated in Teon lined stainless steel autoclave at 250 C for 24 hours. Material was washed with ethanol followed by the deionized water and dried under vacuum at 70 C.
PDA coating was carried out on magnetic nanoparticles by self-polymerization of dopamine under basic pH. 40 Two grams of magnetic nanoparticles were dispersed in 10 mM Tris Buffer (pH 8) and sonicated for 15 min. Aer the addition of 1.2 g of PDA, mixture was stirred at room temperature for 24 hours. The PDA coated magnetic nanoparticles were washed with ethanol and dried at room temperature. Finally the functionalization with 4-formylphenyl boronic acid was carried out. Twenty milligrams of 4-formylphenyl boronic acid were dissolved in anhydrous ethanol. Two grams of magnetic nanoparticles were dispersed in 0.5 mL of the solution and stirred for 24 hours at room temperature. Two hundred milligrams of sodium cyanoborohydride were added aer every four hours. The mixture was separated by external magnet and washed with ethanol and water. The magnetic sorbent was then dried and stored for further use.
Characterization of Fe 3 O 4 @PDA-FPBA
The morphology and particle size of synthesized material was observed with scanning electron microscopy (Quanta 200 FEI, Holand) and transmission electron microscopy (TEM, JEOL, Kyoto, Japan). The elemental composition was determined by Shimadzu EDX-720 energy-dispersive X-ray analysis (EDX, Kyoto, Japan). FTIR analysis was carried out by FTIR-8400 Shimadzu Japan. Surface area was calculated by BET equation at P/ P 0 between 0.05 and 0.2 through nitrogen adsorption porosimetry and all the measurements were performed at 77 K using JW-BK surface area and pore size analyzer (JWGB Sci. & Tech., Beijing, China).
Extraction of cis-diol compounds by Fe 3 O 4 @PDA-FPBA
Optimization with standard nucleosides was carried out using 20 mg mL À1 of standard nucleosides solution in water. pH of standard solutions was adjusted by ammonia solution. Different amounts of material (1-10 mg) were incubated with 1 mL of standards solution for different time durations (5-60 min). Aer washing with water, the content was eluted with 2% formic acid. It was then lyophilized, the eluted mixture was redissolved in methanol : water (5 : 95, v/v) and subjected to LC-UV analysis. The adsorption capacity of functionalized magnetic nanoparticles was also evaluated using the standard nucleosides. Five milligram adsorbent was incubated with 1 mL aqueous solution of adenosine (rA) for 20 min at different concentrations (0.5 mg mL À1 , 1 mg mL À1 , 5 mg mL À1 , 10 mg mL À1 , 20 mg mL À1 , 50
mg mL À1 and 100 mg mL À1 ). pH of the solutions was adjusted to 9 by ammonia solution and vortexed. Aer 30 min, the magnetic sorbent was separated by an external magnet and adenosine was desorbed by the formic acid solution. Similar procedure was adopted to calculate the adsorption capacity of guanidine (rG), (rC) and (rU). The adsorption capacity was calculated by eqn (1):
where C o and C e are the initial and equilibrium concentrations (mg mL À1 ) of standard cis-diol compound, V is the volume (mL) of solution, M is the molecular weight (g mL À1 ) of cis-diol compound and m is the amount (mg) of adsorbent material. Selectivity of the material was assessed by four standard cisdiol compounds in the presence of four non cis-diol compounds. Five mixtures with increasing ratio of non cis-diol compounds were prepared (1 : 1, 1 : 10, 1 : 50, 1 : 100 and 1 : 500) and extractions were made under optimized conditions. Recovery of material was evaluated by spiking 6 standard cis-diol compounds (rA, rC, rU, rG, m1A and m5U) in urine samples and extractions were made in three replicates, followed by LC-MS analysis.
Urine samples of 10 healthy and 10 lung cancer patients were collected and treated according to the Ethical guidelines (Table  S1 †) . Briey, urine samples were collected early morning and centrifuged for 10 min at 4 C with 5000 g to remove the cell debris. The supernatant was ltered by membrane lter (13 mm Â 0.22 mM) and centrifuged again. The supernatant was collected and stored at À80 C. Pooled urine samples were diluted and pH of the samples was adjusted to 9. Five milligrams of material was added to 100 mL of alkylated urine and mixture was incubated for 30 min. Material was separated via an external magnet, washed twice with methanol and water to remove the non-specic attachments. Finally the bound cis-diol compounds were eluted with 2% formic acid and LC-MS analysis was carried out.
LC-MS analysis and database search
Optimization experiments were carried out on Agilent 1200 series HPLC system equipped with UV detector (Agilent Technologies, Singapore Table S2 . † MS scans were acquired in positive ion mode and mass range was selected as m/z 100-1000.
Quantication of urinary nucleosides was done by MRM in the positive mode. The optimal conditions for ESI source were as follows: interface temperature 300 C, heat block temperature 400 C, DL temperature 250 C, heating gas 10 L min À1 , nebulizing gas 2 L min À1 and drying gas 10 L min À1 . Compoundspecic MS parameters for the MRM transitions were optimized by direct infusion. The data processing and acquisition were performed on Analyst 1.5 Soware (AB Sciex, Applied Biosystems). The cis-diol compounds were identied based on the accurate molecular mass (<3 ppm), METLIN database (http://www.metlin.scripps.edu) and RNA modication database (http://www.mods.rna.albany.edu/mods/modications). MS/MS fragment information was used for the identication.
3 Results and discussion
Synthesis and characterization of magnetic sorbent
Polydopamine assisted 4-formylphenylboronic acid Fe 3 O 4 nanoparticles (Fe 3 O 4 @PDA-FPBA) have been prepared by a simple and cost effective method. The support material has better dispersibility, easier modication ability and inherent magnetic property. Dopamine is decorated onto the surface to enhance the dispersion of magnetic particles. Dopamine self-polymerizes to polydopamine, increasing the reactive sites for the attachment of boronate affinity around magnetic nanoparticles. The surface area of the particles increases which is benecial for the nucleoside extraction. The polydopamine coating also reduces the cost of analysis by eliminating the need of dendrimers; which are considered less effective for the extraction of small molecule cisdiol compounds such as nucleosides. 38 Magnetic SPE operation contributes towards the rapid extraction of nucleosides by using an external magnet during magnetic solid phase extraction (MSPE). Tedious procedure of centrifugation aer each step is therefore avoided, resulting in shorter analysis time. The attachment of boronic acid with cis-diol compounds is reversible covalent interaction, resulting in the formation of ve or six membered cyclic esters. The pK a of boronic acid is 8.8 which is suitable for the covalent bond formation at basic pH and at acidic pH the covalent bond is broken, eluting the bound cis-diol molecules.
Coating of Fe 3 O 4 @PDA-FPBA is conrmed by Fourier transform infrared spectroscopy (FTIR), morphology by scanning electron microscopy (SEM) and transmission electron microscopy (TEM), elemental composition by energy dispersive X-ray spectroscopy (EDX) and BET surface area by nitrogen adsorption porosimetry. SEM image shows the morphology of particles (Fig. 1A) and approximate particle size distribution in the range of 80-120 nm. No agglomeration is visible which may be attributed to the dispersibility of iron oxide particles as well as the coating by dopamine. Morphology and size is further determined by TEM (Fig. 1B) Fe-O (Fig. S1A †) . The stretch band at 3400 cm À1 belongs to -OH groups at the surface of synthesized material whereas O-H bend is present at 1400 cm À1 . Peak at 2940 cm À1 corresponds to C-H stretch of benzene ring. Characteristic peak of B-O is present at 1369 cm À1 (Fig. S1B †) .
Protocol optimization
Initially LC-UV analysis of four standard cis-diol compounds, i.e. adenosine (rA), cytidine (rC), guanidine (rG) and uridine (rU), is carried out to optimize the LC conditions and nding the retention times of four standards via UV detection at 245 nm (Fig. S2 †) . Fe 3 O 4 @PDA-FPBA nanoparticles are then applied to the standard mixture in the presence of four non cis-diol compounds; 2 0 -deoxyadenosine (dA), 2 0 -deoxycytidine (dC), 2 0 -deoxyguanidine (dG) and Thymine (T) as interfering species. Chromatogram A in Fig. 2 represents LC-UV chromatogram of nucleoside mixture prior to extraction where all eight components of sample mixture are detected. dG and T are simultaneously co-eluted under these chromatographic conditions. Four cis-diol compounds are detected aer the enrichment by boronic acid functionalized magnetic nanoparticles (chromatogram B). Non cis-diols are completely eliminated during the extraction process. There is the formation of ve or six membered ester under basic pH and only cis-diol compounds are attached to the magnetic sorbent. They are eluted in the acidic condition. The other extraction parameters include amount of material, extraction pH, extraction time and formic acid content for elution process. They are optimized using standard nucleosides at 20 ng mL À1 concentration of each analyte in the sampling solution. Fig. 3A shows increase in extraction efficiency for all the standard nucleosides by increasing the adsorbent amount. Aer 5 mg adsorbent amount, no considerable increase in peak intensity is observed; attaining the extraction equilibrium with no sites available for interaction of nucleosides. Thus 5 mg of material is used in further experiments. pH of loading solution is selected from 7 to 11 considering that nucleosides and glycosylated moieties bind under basic conditions. Fig. 3B exhibits the peak intensity increasing with the pH increase and becoming stable at pH 9. Extraction time is optimized from 5 to 60 minutes, however aer 30 minutes there is no signicant increase in peak intensities (Fig. 3C ). An appropriate pH of eluting solvent is also necessary as the adsorption and elution processes are pH dependent. Different concentrations of formic acid are added to elute the bound nucleosides from magnetic sorbent. The elution is incomplete at lower formic acid content, however all the nucleosides are eluted with 2% formic acid (Fig. 3D ).
Selectivity, recovery and adsorption capacity
The selectivity of magnetic sorbent is tested by using different ratios of four cis-diol compounds and four non cis-diol compounds. Five mixtures are prepared with increasing ratios of non cis-diol compounds (1 : 1, 1 : 10, 1 : 50, 1 : 100 and 1 : 500). LC-MS results prior to enrichment show the presence of all eight compounds with varying peak intensity, however aer the extraction with boronic acid functionalized magnetic nanoparticles, four cis-diol compounds are detected (Fig. 4) . No apparent change in the extraction pattern is observed with the increasing concentration of non-cis-diol compounds in the mixture. Improved enrichment performance can be attributed to the surface area of material and the strong affinity for nucleosides. Furthermore, PDA coating provides multiple reactive sites for the attachment of boronic acid moieties. The recovery of nucleosides is calculated by spiking six standard nucleosides into the urine samples. Six nucleosides are selected on the basis of their difference in hydrophilicity. Recovery is evaluated in terms of the eluting time of nucleosides, i.e. 1 min, 2 min, 3 min, 5 min and 10 min. Recovery improves till 3 min and aer that no signicant improvement is observed. Material shows recoveries from 87% to 133% at optimized conditions (Fig. 5) . The nucleoside, m1A shows the highest recovery (133%) while rC, the lowest recovery (87%). Although 87% recovery of rC is relatively lower but still it is better than some previously reported materials. Lower recovery of rC is because of the more hydrophilicity which results in lower interaction towards boronic acid.
The adsorption capacity of Fe 3 O 4 @PDA-FPBA is determined by using four standard nucleosides, rA, rC, rU and rG. Material shows excellent adsorption capacity towards all four standard cis-diol compounds (adenosine 197.3 mg g À1 , cytidine 183.9 mg g À1 , guanidine 163.1 mg g À1 and uridine 186.5 mg g À1 ).
Adsorption capacity of material is also compared to the previously reported materials (Table S3 †) and this material exhibits better capacity than most of the boronic acid functionalized materials as well as some metal oxides. Lower capacity as compared to zirconium based materials may be due to the covalent bonding in boronic acid functionality, which is much stronger than Lewis acid base mechanism in metal oxides. Still this material shows better efficiency in terms of recovery, sensitivity and adsorption capacity.
Extraction of nucleosides from urine
Urine is a rich source of metabolite biomarkers because metabolic by-products are released directly or in-directly into urine. The complexity of urine is relatively less as compared to plasma or serum, so it is easier to extract trace level moieties from urine. Nucleosides have been chosen for this study as they are potential cancers biomarkers. They are extracted as urinary metabolites from lung cancer patients. In comparison the healthy controls are also tested. Furthermore, endogenous ribosylated metabolites from human urine samples of healthy and lung cancer patients are extracted through Fe 3 O 4 @PDA-FPBA nanoparticles. LC-MS/MS analysis identies total of 47 modied nucleosides and ribosylated metabolites from healthy urine samples aer extraction with Fe 3 O 4 @PDA-FPBA (Fig. S3 †) . Before the quantication of urinary nucleosides, creatinine as an internal standard is quantied because creatinine concentration is related to the urinary nucleosides. This is standard method to normalize the ribosylated metabolites present in urine as creatinine excretion is constant for longer period of time. The obtained concentration of creatinine is 8.1 AE 0.45 and 7.4 AE 0.3 in healthy controls and lung cancer samples respectively. The identied metabolites with their formula, retention times, mass and content ratio of lung cancer patients with healthy controls are given in Table 1 . It is observed that the content ratio of nucleosides has increased in the lung cancer patients. Some of ribosylated metabolites and modied nucleosides have increased more than 1.5 folds as compared to the healthy controls. Apart from that, total of 64 ion pairs with neutral losses are detected and 17 of them are still unidentied (Table S4 †) . The large number of identied nucleosides highlights the performance of magnetic sorbent and the sample preparation protocol. In case of lung cancer patients, increased levels of modied nucleosides and ribosylated metabolites are observed. This phenomenon can be due to the increased turnover of RNAs which result in increased concentration of nucleoside metabolites. Concentration decreases for some metabolites, which reects the irregularity in the metabolism during cancer.
Conclusion
A magnetic material coated with polydopamine for the functionalization of 4-formylphenylboronic acid (Fe 3 O 4 @PDA-FPBA) is developed by simple and convenient method. SEM, TEM, EDX, BET and FTIR characterization results reveal the morphology, size, surface area and coating of boronic acid on magnetic material. Polydopamine coating provides reactive sites for boronic acid attachment. The designed material is applied for the extraction of standard nucleosides under optimized extraction parameters. Material possesses higher sensitivity and selectivity towards cis-diol biomolecules due to the reversible covalent bond formation with boronic acid. Material is also applied to extract the endogenous ribosylated metabolites and modied nucleosides from urine samples of healthy as well as lung cancer patients. Forty seven ribosylated metabolites are identied which is so far the highest number of nucleosides identied by any adsorbent. Their content ratios are studied by LC-MS/MS. This rapid, selective and cost effective method has the potential to extract nucleosides based cancer biomarkers.
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